Appropriate treatment of bacterial endocarditis is based on accurate identification of the microorganism, antibiotic susceptibility patterns determined by a broth dilution technique to establish minimal inhibitory and bactericidal concentrations, and determinations of the patient's serum bactericidal activity against the causative microorganism. Although there are no controlled studies, the clinical impression has been that for successful antibiotic treatment the patient's serum at the time of peak activity should be bactericidal for the infecting organism at a dilution of at least 1:8 (1, 2, 7, 9).
The present study was designed to correlate the results of stretptococcal endocarditis treatment in rabbits with serum antibiotic concentrations, peak serum bactericidal activity, and duration of therapy.
MATERIALS AND METHODS Microorganism. A strain of Streptococcus viridans subspecies mitis isolated from a patient with endocarditis was used in all experiments. The minimal inhibitory concentration and minimal bactericidal concentration (MBC) of penicillin G were both 0.1 ,ug/ml in rabbit serum and in heart infusion broth (HIB) (Difco Laboratories, Detroit, Mich.).
These were determined by a twofold antibiotic dilution method in rabbit serum or HIB with 5% sheep erythrocytes, using an inoculum of 106 colony-forming units (CFU) of streptococci per ml. Stock cultures were made by storing portions of an 18-h culture in HIB with 5% sheep erythrocytes at -20°C. For each experiment, a 1-ml aliquot was thawed, inoculated into 50 ml of HIB with 5% sheep erythrocytes, and incubated for 18 h at 370C.
Production of endocarditis. Female white New Zealand rabbits (West Jersey Biological Farm, Wenonah, N. J.) weighing 2 to 2.5 kg were anesthetized with sodium pentobarbital intravenously, and the right carotid artery was exposed. Polyethylene tubing was passed through the carotid artery into the left ventricle and was secured as previously described (3, 4) . Twenty-four hours later, 108 CFU of streptococci in a 1-ml volume of HIB with 5% sheep erythrocytes was injected into a marginal ear vein. This procedure reproducibly causes endocarditis with vegetation on the aortic valve.
Treatment. Rabbits were treated with different concentrations of procaine penicillin G ranging from 4,688 to 300,000 U injected intramuscularly every 6 or every 12 h. Therapy was started 24 h after infection and continued for varying periods of time. Control rabbits were not treated.
Experiments. After varying intervals of therapy, following a period of at least 6 h without treatment, the rabbits were anesthetized by intravenous injection of sodium pentobarbital. Right atrial blood specimens were obtained for blood cultures, and the aortic valve vegetation was excised and weighed. The vegetations weighed 0.03 to 0.4 g. After homogenizing a 1:10 suspension ofeach vegetation containing 1,000 U of penicillinase per ml in HIB, the number of CFU was determined by serial dilution and plating techniques as previously described (3) . 
RESULTS
Thirteen rabbits were injected intravenously with 106 CFU of streptococci, and the mortality rate was 15% on day 7 of infection. Seventeen similarly infected, untreated rabbits were killed on days 1, 3, 5, and 7 of infection. All had endocarditis with a mean log1O CFU count of7.9 streptococci per g of vegetation or higher on each of the 4 days studied.
Rabbits were treated with 300,000, 150,000, 75,000, 37,500, 18,750, 9,375, or 4,688 U of procaine penicillin intramuscularly every 6 h. Vegetation titers were not decreased with 24 h of therapy (mean log1O CFU/g of vegetation was 8.5 to 8.9 for the treatment groups as compared with 8.3 for untreated controls). When treatment was extended to 3 days, only rabbits treated with 300,000 U every 6 h had decreased titers in the vegetations (mean log10 CFU-+ standard deviation [SD] of 5.7 + 1.2 per g in five rabbits as compared with 7.9 ± 0.8 for five untreated controls, P <0.06). bits treated for 5 days with 4,688 to 75,000 U of penicillin every 6 h. In animals receiving 75,000 U, 12 of 14 vegetations showed no growth (i.e., <10 CFU/g), and the remaining two rabbits had 2.0 and 2.2 log1o CFU/g of vegetation, respectively (P <0.001 when compared with controls where vegetations contained 8.1 ± 0.6 mean log10 CFU/g). With 37,500 U of penicillin per dose, mean vegetation titers were 1.7 ± 1.0 CFU/g, and 10 of 20 vegetations had no growth (P <0.001 when compared with controls). With the 18,750-U dose, all vegetations had growth. The mean titer of 5.6 + 2.0 CFU/g was significantly lower than in controls (P <0.001) and significantly higher than with 37,500 U per dose (P <0.001). With 9,375 and 4,688 U per dose, titers were 7.0 ± 1.6 and 7.6 ± 1.1 CFU/g, respectively (not different when compared with controls [P >0.05] but significantly higher than with 37,500 U per dose [P <0.001]).
Although 5 days of 37,500 U every 6 h was sufficient to result in vegetations containing <10 streptococci per g in 50% of rabbits, this regimen was not curative in these animals. When therapy with 37,500 U was discontinued after 5 days and rabbits were killed after 7 more days without treatment, only 1 of 7 had no growth from vegetations and the rest had 6.2 to 9.0 log10 CFU/g. Therefore, additional experiments were performed to evaluate the effect of a longer duration of therapy on curing endocarditis.
Rabbits were treated with 9,375, 18,750, 37,500, or 75,000 U ofprocaine penicillin every 6 h for 10 days. Ten days of treatment with 9,375 or 18,750 U was insufficient to reduce titers in vegetations. At the end of 10 days of therapy, animals treated with these doses had vegetations containing 8. In contrast, at the end of 10 days of 75,000 U of penicillin every 6 h, vegetations from all 5 rabbits studied were negative for streptococci, and when animals were killed after another 7 days without penicillin, 5 of 5 had vegetations negative for bacteria. Therapy with 37,500 U of penicillin was not as effective. At the end of 10 days of treatment with 37,500 U, vegetations from 3 of 5 animals were negative for bacteria and the other 2 contained 1.7 and 2.9 log10 CFU/ g; after 7 days without penicillin, only 4 After 20 days of penicillin treatment and then 7 days without therapy, 8 of 8 rabbits given 75,000 U every 6 h and 7 of 8 rabbits given 37,500 U every 6 h had sterile vegetations.
Further studies were performed to determine the effect of decreasing the every-6-h injections to every-12-h injections. Rabbits were treated with 300,000, 150,000, 75,000, or 37,500 U of procaine penicillin G twice daily intramuscularly for 5 days (Fig. 2) . Of these, 8 of 9 rabbits treated with 300,000 U showed no growth in the vegetations; the remaining rabbit had 2.0 log10 CFU/g ofvegetation. With 150,000 U, the mean log10 CFU + SD was 2.1 ± 1.1 per g and three of seven rabbits showed no growth in the vegetations. With 75,000 U, the mean log,0 CFU ± SD was 4.5 ± 3.0, and four of eleven rabbits showed no growth. With 37,500 U, the mean titer was 6.8 + 3.0 CFU/g, and only one animal showed no growth (P <0.001 for all comparisons with controls, 8 .3 ± 0.6 log10 CFU, except for the 37,500-U group, in which P was >0.05).
Blood cultures. One day of therapy with 300,000 U or smaller doses ofprocaine penicillin every 6 h was inadequate to sterilize blood cultures. After 24 h of treatment. 60% of rabbits receiving 300,000 U and a higher percentage of those treated with lower doses had positive blood cultures. Blood cultures obtained after 5 days of treatment with 300,000, 150,000, 75,000, or 37,500 U ofprocaine penicillin every 6 h were all sterile. However, even after 10 days of treatment with 18,750 U of penicillin every 6 h, 50% of the blood cultures were positive for streptococci.
Concentrations of penicillin and antibacterial activity in serum. Table 1 shows the mean and median penicillin levels in serum after the first dose of penicillin. There was no increase in serum concentrations of penicillin after an injection on day 5 of therapy as compared with Table 1 . Table 2 demonstrates the MBD of serum at 1 and 6 h, which correspond to the serum concentrations in Table 1 .
As can be seen from Tables 1 and 2 , 18,750 U of procaine penicillin G (a dose that cured no rabbits) gave mean serum concentrations of penicillin at 1 h that were 0.7 ,g/ml (range in 11 rabbits, <0.2 to 2.0) and a median MBD of 1/ 4 to 1/8. In rabbits treated with 37,500 U (the smallest dose that resulted in cure in any animals), the mean serum concentration was 1. 6 ,ug/ml (range in 12 rabbits, 0.8 to 2.4) at 1 h with a median MBD of 1/8 to 1/16. With 75,000 U (the minimal dose that cured all animals), the mean serum concentration at 1 h was 2.1 ,g/ml (range in 31 rabbits, 0.9 to 3.4) and the MBD was 1/16. At 6 h the serum concentrations of penicillin were not measurable (<0.2 ug/ml) for doses of 18,750, 37,500, and 75,000 U; the median MBDs were only 1/2 or less for these doses.
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Procaine penicillin G has been shown effec-PENICILLIN (UNITS) tive in the treatment of penicillin-susceptible streptococcal endocarditis in rabbits (3, 5, 6, 8 , NONE 300,000 150,000 75,000 37,500 11). With the addition of streptomycin or genta- 9 , micin, a synergistic effect has been noted (5, 8, 8! :.
. 11). The doses of procaine penicillin used in cr 7 -. *these studies have been 25 mg/kg (equivalent cr 6 -*to about 80,000 U/rabbit) every 12 h (5), 300,000 CL 5 -. U/rabbit every 12 h (3, 6, 11), and 250 mg/kg (equivalent to about 800,000 U/rabbit once a 0 3 -* day [8] ). The penicillin dosage required to treat 2 . .. streptococcal endocarditis will obviously depend in part on the susceptibility to penicillin of ST - the streptococcal strain responsible for the in-TERILE fection. In the present study and one other (3), FIG. 2. Log10 CFU of streptococci in aortic valve the minimal bactericidal concentration of penivegetations of rabbits with endocarditis treated for 5 cillin G for the streptococcal strain under study days with varying doses ofpenicillin given intramus-was 0.1 ,g/ml as compared with 0.02 ,g/ml in cularly every 12 h; controls received no penicillin. two reports (5, 8) and 0.06 ,ug/ml in two others Each dot represents one vegetation. (6, 11 In the present studies, regimens consisting of 18,750 U of procaine penicillin or less given every 12 or every 6 h were not sufficient to treat streptococcal endocarditis, as demonstrated by the 50% incidence of positive blood cultures and large numbers of organisms in vegetations after 10 days of treatment.
Doses of 37,500 U (or greater) of penicillin every 6 h were effective in rapidly lowering titers of streptococci in vegetations, and streptococci could not be isolated from most rabbits treated with 37,500 U or more for 5 days. Ten days of treatment resulted in no streptococci isolated from vegetations of rabbits treated with 75,000 U and, in fact, resulted in cure of infection, as demonstrated by lack of relapse after discontinuing penicillin. With 37,500 U, 86% relapsed after 5 days of treatment, 56% after 10 days, and only 13% after 20 days of therapy. Thus, 37,500 U every 6 h was the lowest dose tested that cured most animals, and 75,000 was the lowest dose tested that cured all animals after a 20-day, or shorter, period of therapy.
These studies demonstrated not only the necessity of an adequate dose of penicillin, but also the importance of prolonged therapy. Twenty days. of 37,500 U every 6 h was more effective in preventing relapse than 5 or 10 days of treatment; 6 of 7 relapsed' with 5 days of treatment; 5 of 9 relapsed with 10 days; and 1 of 8 relapsed after 20 days of therapy (P <0.05 by the chi-square test only for 5 days versus 20 days). It is of interest that 150,000 U of procaine penicillin daily was more effective when given every 6 h rather than every 12 h. The mean log10 CFU + SD was 1.7 + 1.0 per g for the former group as compared with 4.5 ± 3.0 per g for the latter group (P <0.01).
The mean serum concentration 1 h after injection of 18,750 U of penicillin was 0.7 ,ug/ml, which correlates well with the MBD of 1/4 to 1/8. The mean serum concentration for animals treated with 37,500 U of penicillin was 1.6 ,g/ ml, which agrees with the median MBD of 1/8 to 1/16. The mean serum concentration for animals treated with 75,000 U was 2.1 ,ug/ml, which correlates well with the median MBD of 1/16. These data suggest that a median MBD of at least 1/8 was necessary to cure endocarditis; this finding agrees with what has been generally stated in the literature (1, 2, 7, 9). It is clear that trough levels were not critical, since half of the rabbits treated with 37,500 U of penicillin every 6 h did not have measurable MBDs at 6 h, and the rest measured only 1/2.
